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The bollworm, Helicoverpa zea (Boddie), is an economically important pest of cotton and is
becoming more difficult to control in the United States. This project was designed to develop a
better understanding of the effects of resistance development and plant structures on the efficacy
of Bt cotton and foliar insecticides. Experiments examined larval behavior and damage in current
cotton varieties expressing proteins from Bacillus thuringiensis. Other experiments examined the
effects of floral structures on the control of bollworm using foliar insecticides. Results suggest
that larval feeding and avoidance behavior is dependent on point of eclosion. Fruiting form
damage increased in two-gene cotton compared to earlier research but was low in cotton
expressing the Vip3A protein. Increases in damage can lead to more frequent applications of
foliar insecticides. Floral structures can hinder insecticide efficacy by reducing exposure. Results
from these experiments will be important for refining management recommendations for
bollworm in Bt cotton.
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CHAPTER I
INTRODUCTION
Cotton
The plant genus Gossypium is made up of 40 species (Fryxell 1986). Cotton is a woody
perennial that has a complex morphology (Mauney 2012). Only a few species are well known as
an agricultural crop. Upland cotton, Gossypium hirsutum (L.), is the primary species grown in
the United States. In agriculture, this perennial shrub is grown as an annual plant in the summer
and fall months. Recent upland cotton planted in the United States was 5,604,896 ha (2018) and
5,440,998 ha (2019). The state of Mississippi accounted for 250,905 ha (2018) and 283,280
(2019) of the total planted (USDA/NASS) (https://www.nass.usda.gov/). The overall revenue for
upland cotton lint was $459 million for the state of Mississippi during 2019 (USDA/NASS).
Growth and Development
Germination begins as the seed absorbs water and oxygen after planting (Ritchie et al.
2004). After germination, the development of the roots occurs at a faster rate than leaf area,
initially (Mauney 1986). Rapid root expansion continues for the next seven to ten days prior to
the development of the first true leaf (Mauney 1986). The ratio between root area and leaf area
begins to decline as the plant matures and begins to develop more vegetative structures (Mauney
1986).
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Emergence takes between one and two weeks after the seeds have been planted (Ritchie
et al. 2004). This time period is dependent upon environmental conditions. The
cotyledons are the first source of energy to the plant after it has emerged. These cotyledons begin
to provide energy to the plant through the process of photosynthesis (Ritchie et al. 2004). As the
plant begins to grow, it produces a first true leaf. The vegetative growth of the plant is
established at this point. All growth can be categorized into monopodial (upward) or sympodial
(outward) growth. Monopodial growth consists of the main stem and the first two to four
branches. Reproductive branches contain the majority of the marketable fruit (Ritchie et al.
2004). The reproductive branches vary in structure as compared to the vegetative branches.
There are multiple meristems that make up the structure of the branch. There are also growing
points called axillary meristems that support the fruiting structures. Vegetative branches tend to
grow straight and only have one meristem (Ritchie et al. 2004). Temperature, along with stress
from water stress can affect the growth of vegetative leaves and ultimately the development of
reproductive branches and cause reductions in growth (Mauney 1986).
All reproductive branches arise from the base of vegetative leaves, meaning sympodia
formation is partially dependent on vegetative growth (Mauney1986). During the reproductive
cycle, the cotton plant must go through several stages before it reaches maturity. The first stage
is the production of flower buds (squares). The environment has an influence on the development
of the floral structures (Mauney 2012), but typically happens around 35 days after planting
(Ritchie et al. 2004). Mauney (1966) indicates that excessive high and low temperatures can
enhance or delay the development of sympodia (Mauney 2012). The square development with
the first position site begins next to the main stem (Ritchie et al. 2004). The time interval
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between the first position square on one branch and the first position square of the next branch is
typically three days (Ritchie et al. 2004). Second position square development occurs six days
after the development of the first position square on the same branch (Ritchie et al. 2004).
The development of flowers is the next step in the reproductive cycle. The floral stage
takes several days and is an important part of the overall development from squares to bolls.
Floral blossoming occurs around 21 days after fruit initiation (Mauney 2012). Visual
characteristics of the bloom can help determine its age (Ritchie et al. 2004). Blooms are
originally white in color but tend to turn pink as they mature. The flower petals will shrivel, dry
up, and fall off of the plant between five and seven days after pollination, leaving a small boll
where the flower once was. Boll development takes roughly fifty days to complete after
pollination but is dependent on weather conditions. During this time period, the boll will go
through three phases, which are elongation of primary fibers, development of secondary wall
fibers (filling), and maturation of fiber and seed (Ritchie et al. 2004). During these stages,
primary fibers stretch before the development of secondary wall fibers (filling). About 150 days
are needed to grow cotton from seed to harvest, which restricts U.S. production to the longer
growing season found in the southern states.
Bollworm Biology
The bollworm, Helicoverpa zea (Boddie), and tobacco budworm, Chloridea virescens
(F.), are members of the Noctuidae family in the order Lepidoptera (Borror et al. 1989). There
are 365 species of Noctuidae worldwide (Matthews, 1999), 148 being in North America. The
bollworm can be found throughout North and South America as well as the West Indies
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(Hardwick 1965). There are only a few species of Noctuidae that are polyphagous. H. zea
(Boddie) and C. virescens (F.) have been recorded from 235 species of plants in 36 different
families (Kogan et al. 1989). The bollworm is known to feed on more than 100 different host
plants (King and Coleman 1989). Blanco et al. (2007) states that bollworm infests at least thirty
agronomic crops.
. Lepidoptera undergo complete metamorphosis (Hardwick 1996, Knudson et al. 2003,
Cunningham and Zalucki 2014). These phases consist of egg, larva, pupa, and adult. The
lifecycle of bollworm takes approximately 30 days. Unlike some other pests, the eggs of H. zea
are deposited individually on a host plant. A single female can lay 1000 eggs in a period of 10 to
20 days (Barber 1936). The eggs typically hatch within 3 to 4 days. During this time period, the
maturation of the egg can be noticed visually. Initially the color of the egg is a pale green color.
The egg will later develop a yellowish or milky white color before turning gray. Emerging larvae
are creamy in color and have a distinct black head (Barber 1936). During the larval stage, the
bollworm will go through four to five stadia for a total of five to six instars (King and Coleman
1989). Early instar larvae are not aggressive. As they mature, larvae become more aggressive
and cannibalistic. Wilson and Gutierrez (1980) observed that older larvae attack older fruit, but
later in the growing season, all larval stages feed on older fruit. The amount of damage done
depends on the age of the larva because the amount of fruit consumed increases with the age of
the bollworm (Quaintance and Brues, 1905, Kincade et al. 1967, Baldwin et al. 1974, Wilson and
Gutierrez, 1980, Wilson et al. 1982). According to Wilson et al. (1982) a fifth instar larva can
damage up to 11 times more fruit than a first instar. The last instar will leave the plant and pupate
beneath the soil surface. The prepupa forms an exit tunnel for emergence of the adult from the
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pupation site in the soil (Neunzig 1969, Schneider 2003). The last generation will enter diapause
beneath the soil surface for overwintering. The moths emerge in late-March and early-April in
Mississippi (Schneider 2003). Early oviposition sites include various wild hosts along with early
season crops, such as corn. The distribution of first generation larvae on various host plants is
determined by the selection of a specific host by a female moth and the host species abundancy
and distribution (Stadelbacher 1980). According to Stadelbacher (1980), crimson clover is a
preferred host of bollworm during mid-March to mid-April. Over time, crimson clover becomes
less desirable and other host species such as hairy vetch and Germanium species become the
preferred oviposition sites (Stadelbacher 1980). Corn, Zea mays, can later become a primary
food source for bollworm after other preferred host plants fully mature (Stadelbacher 1980).
Bollworm as a Pest in Cotton
Damage from bollworm feeding does not typically affect the quality of cotton lint
(Adkisson et al.1964). However, damage caused by larvae can cause fruit to abscise from the
plant (Gore et al. 2000), resulting in potential yield losses in cotton (Adkisson et al. 1964).
Damage can be observed throughout infested plants and may be affected by oviposition location.
Braswell et al. (2019) found the vertical distribution of eggs within the cotton canopy varied
weekly throughout the season. Eggs that are lower in the plant increase the probability of an
emerging larva feeding on floral tissues where Bt expression is low (Gore et al. 2001). Upon
hatching, the larvae feed on the surrounding area of the plant. This includes the terminal,
squares, floral components, and bolls (Wilson and Gutierrez 1980). Of these fruiting forms,
bollworm larvae have a noticeable preference for fresh flowers, wilting flower corollas (bloom
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tags), and small bolls (Farrar and Bradley 1985). The emerging larvae feed on foliage, bracts,
and the flower petals. The feeding on these fruiting sites often leads to abscission of the fruit
(Gore et al. 2000).
Historical research shows that yield loss from damage depended on location of the injury,
as well as, growth stage of the plant. In some cases, damage from bollworm actually resulted in a
yield increase as seen in studies during the 1920’s and 1930’s by Smith (1922), Blackwell and
Buie (1924), Eaton (1931), Ludwig (1931). Yield increases or no effect on yield were also
observed in more recent research when early squares were removed (Stewart et al. 2001, Chilcutt
et al. 2003). These yield increases were likely due to the ability of the cotton plant to
overcompensate for square loss during the early squaring period from heliothine pests (Graham
et al. 1972, Chilcutt et al. 2003). However, other studies have found that yield decreases can
occur when larger bolls are damaged (Ungar et al. 1987, Chilcutt et al. 2003).
Primary Control Methods in Cotton
Chemical Control
Chemical control was the main management tool for control of bollworm prior to the use
of cotton expressing insecticidal proteins. Chemicals are currently being used as a form of
supplemental control in Bt cottons (Catchot et al. 2020). The use of pyrethroids has generally
proven to be effective against bollworm larvae (Brown et al. 1997, Roof and DuRant 1998, Burd
et al. 1999). However, the effectiveness of pyrethroids has declined due to the buildup of
resistance to that class of insecticides (Stadelbacher et al. 1990, Abd-Elghafar et al. 1993, Brickle
et al. 2001, Pietrantonio et al.2007, Jacobson et al. 2009) caused by overuse (Graves et al. 1999).
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Pyrethroid failures were preceded by resistance to chlorinated hydrocarbons (Ivy and
Scales1954, Graves et al. 1963, Graves et al. 1967, Sparks 1981) and organophosphates (Plapp
1971).
Presently, insecticides are still in use for the control of bollworm in cotton. Resistance to
current classes of insecticides is primarily present in carbamates, pyrethroids, and
organophosphates as described by the Insecticide Resistance Action Committee (IRAC)
(https://irac-online.org/pests/helicoverpa-zea/). Rotational strategies are currently being
suggested to prevent further resistance development.
The adoption of cotton varieties expressing insecticidal proteins from Bacillus thuringiensis (Bt)
are also being used to aid in the control of bollworm and other lepidopteran pests and potentially
provide synergism with insecticides as seen by Harris et al. (1998). The effectiveness of the
pyrethroid cyhalothrin on bollworm larvae was higher when combined with sub-lethal doses of
Bt toxins, than when larvae were not exposed to Bt toxins.
Cottons Expressing Insecticidal Proteins
Transgenic varieties expressing Bt toxins were first introduced commercially in 1996 for
the control of various lepidopteran pests. Bollgard® was the first Bt technology commercially
introduced (Gore et al. 2001) and it expressed the Cry1Ac protein isolated from Bacillus
thuringensis kurstaki Berliner (Perlak et al. 1990). The protein is only toxic to Lepidopteran
insects (MacIntosh et al. 1990). The use of this protein provided an environmentally friendly
(Betz et al. 2000) means of selective control of various pests, along with significant gains in
economic returns (Gore et al. 2002). The use of this insecticidal protein provided targeted control
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for tobacco budworm; pink bollworm, Pectinophora gossypiella (Saunders); and bollworm
(Gore et al. 2002). During 1996, large populations of bollworm were observed infesting cotton
(Williams 1997). Populations were observed in Bollgard cotton and consisted primarily of small
larvae. The majority of these larvae were found on the flowers, bloom tags, and bolls. According
to Gore et al. (2002) the need for insecticidal control was warranted under high pressure
densities. The control of tobacco budworm and pink bollworm was satisfactory as opposed to
bollworm control. It was common to find larval feeding in flowers and on small bolls beneath the
bloom tags when larval densities were high (Brickle et al. 2001, Sivasupramaniam et al. 2008).
Effects of Variations in Bt Expression on Bollworm Larvae
The amount of the Cry1Ac protein expressed decreases as the plant matureswith
differences in expression varying as much as five-fold throughout development (Fitt 1998, Sachs
et al. 1998, Greenplate 1999, Greenplate et al. 2000, Adamczyk and Sumerford 2001, Gore et al.
2001, Kranthi et al. 2005, Olsen et al. 2005, Wan et al. 2005, Adamczyk and Meredith 2006).
Different plant structures differ in protein expression as well. There is a noticeable correlation
between lepidopteran pest survival and protein expression. Adamczyk and Meredith (2006)
determined the effects of parental cultivar genetics on expression of Cry1A(c) between backcross
and forward breeding methods. The backcross breeding method consists of crossing a Bt cultivar
with a non-Bt cultivar. During the study, Adamczyk and Meredith (2006) showed that the
expression of Cry1A(c) in specific varieties across multiple planting dates and locations
remained consistent. However, the level of expression was related to the parental cultivars. This
led to low expression of Cry1A(c) in certain varieties in comparison to others.
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Approximately 25% of Bollgard cotton acreage was sprayed annually for the control of
bollworm during 2000 (Williams 2001). Bollworm populations in the lower reproductive
structures of the canopy were not controlled as effectively with the Bt proteins as larvae during
the early season or larvae that fed on the terminals and squares of the plant (Gore et al. 2001).
Temporal and spatial variability, along with larval behavior contributed to the establishment of
larval populations in the lower region of the canopy (Gore et al. 2002).
Experiments by Gore et al. (2002) determined the relationship between Bt protein and
movement behavior of bollworm larvae. Observations were made at 1, 3, 6, and 24 hours to
determine the difference in movement in Bollgard cotton compared to a conventional variety.
Larvae moved 2.4 nodes down the plant in the conventional variety. In contrast, larvae moved
5.7 nodes below the site of infestation within Bollgard cotton (Gore et al. 2002).
Bollgard II was developed to improve control of lepidopteran pests including bollworm,
beet armyworm, fall armyworm, and soybean looper over that obtained with Bollgard (Gore et
al. 2001, Stewart and Knighten 2000). Bollgard II cotton produces two separate crystalline
proteins (Greenplate et al. 2000), namely the Cry1Ac protein from the original Bollgard plus the
Cry2Ab protein. This combination of proteins provided superior efficacy against the major
cotton lepidopteran pests when compared to Bollgard cotton (Gore et al. 2003). Other dual
expressing gene technologies, namely Widestrike and Twinlink, were also developed.
Larval recovery and behavior differed in Bollgard and Bollgard II cottons. Recovery of
larvae was significantly lower in Bollgard II in comparison to Bollgard cotton over an 11-day
period. Less damage was also observed, with the majority being observed at the infestation site
in Bollgard II. However, larvae still had higher capabilities of survival on flowers of Bollgard II
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plants when compared to other structures (Gore et al. 2001). This was likely due to the variation
in expression throughout the plant. Under high population pressure with potential survival of
larvae reaching > 60% on floral anthers (Gore et al. 2001), supplemental control in Bollgard II
will likely be required (Gore et al. 2008).In recent years, it is believed that there has been an
increase in resistance of bollworm to the Bt proteins in dual gene cotton varieties which can be
inferred by the increases in damage in fields of Bollgard II cotton (Reisig et al. 2018), often
resulting in the need for supplemental control (Kerns et al. 2018).
Cottons expressing Vip3A are now being introduced to provide a novel mode of action
(Lee et al. 2003) for the control of bollworm larvae that are resistance to Cry proteins. Early
research conducted by Bommireddy et al. (2007, 2011) showed that bollworm larvae caused
little damage to fruiting forms in cottons expressing Vip3A. Even less damage was observed on
cottons expressing Vip3A stacked with Cry proteins. Larvae were also observed moving down
the plant rapidly, with many moving off of the plants entirely. In, recent research, cottons
expressing Vip3A appear to provide the greatest benefit to yield retention through decreased fruit
damage caused by bollworm (Bommireddy et al. 2007, 2011). However, Cry-resistant bollworm
populations have been observed to cause higher levels of damage in Vip3A cottons compared to
susceptible populations (Little et al. 2019).
Little is known on how the increase in Bt resistance levels in bollworm has impacted
their behavior on Bt plants. Previous research showed that larvae were highly sensitive to Bt
proteins expressed in cotton, resulting in increases in movement (Gore et al. 2001) along with
declines in damaged fruiting forms (Gore et al. 2003). However, if bollworms are tolerant of Bt
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proteins, larval movement on Bollgard II cotton may now be more similar to movement on nonBt cotton.
Larval behavior in Bt cotton (Gore et al. 2001, Gore et al. 2002, Gore et al. 2003,
Bommireddy et al. 2007, 2011) likely results in the majority of larvae moving down and residing
in the lower and denser area of the canopy. Larvae can be found lower in the dense canopy cover
of cotton plants where exposure to fruiting structures such as flowers and bolls may increase the
likelihood of survival (Gore et al. 2001). This may result in the protection of larvae from
insecticidal droplets. Little is known of the efficacy of insecticides on larvae residing in these
structures. Insecticide efficacy may also decrease due to increased size of surviving larvae.
Current Control Strategy for Bollworm in Cotton
According to Mississippi’s Insect Control Guide (Catchot et al. 2020), the current
thresholds for bollworm populations in cotton are 8 larvae/100 plants (before bloom) and 4
larvae/100 plants (after bloom) in Bt and non-Bt varieties. Pre-flowering Bt cotton should also be
treated when more than 6 percent of squares are damaged. During bloom, the threshold for
percent of damaged bolls is 2 percent. Egg thresholds have also been developed for bollworm in
two-gene cottons with a current threshold of 20 eggs / 100 plants (1 egg / 1 plant). The same
larval thresholds are used for cottons expressing Vip3A, with the exception that there is no egg
threshold for Vip cotton. However, larval size is a factor for determining the need for chemical
applications. A key for chemical control of bollworm in cotton is to make applications when
larvae are small. Unfortunately, the effectiveness of the Bt technology isn’t known until the
small larvae fail to die. This tension between allowing the Bt toxins time to work and applying a
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foliar insecticide when the larvae are small makes current bollworm management challenging. A
better understanding of bollworm behavior as influenced by management strategies would help
the decision-making process. Therefore, the overall objectives for this research wer to determine
the effectiveness of current and new Bt technologies on control and behavior of bollworm in
cotton and to determine how floral structures affect the insecticidal control of bollworm.
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CHAPTER II
FEEDING BEHAVIOR AND FRUITING FORM DAMAGE BY BOLLWORM IN BT
COTTON
Abstract
Bt technology has played a major role in the control of bollworm, Helicoverpa zea
(Boddie), in cotton. Variation in expression levels among varieties and plant parts, along with
selection pressure on bollworm populations, has led to the development of resistance to some Bt
genes. Trials were conducted to evaluate how Bt proteins affect bollworm larval behavior in
flowering cotton. Based on the observations, the use of Cry1Ac and Cry2Ab in cotton varieties
did not affect larval recovery or movement and showed few differences in feeding levels.
However, the addition of the Vip3A toxin into the plant reduced plant damage and larval
recovery.
Introduction
The use of genetically engineered crops expressing insecticidal properties plays an
important role in agronomic production systems by contributing to pest management. Genes
derived from Bacillus thuringiensis var. kurstaki (Bt) are currently being used in cotton for their
insecticidal effects on various pests. Bacillus thuringiensis, a naturally occurring soil-dwelling
bacterium, produces numerous proteins that are toxic to various insect pests. Bollgard®
(Monsanto Co., St. Louis, MO) cotton was the first cotton technology that incorporated Bt toxins
within the crop genetics. A single gene expressing the Cry1Ac protein was used in Bollgard
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cotton (Perlak et al. 1990). The use of Cry1Ac provided excellent control of tobacco budworm,
Chloridea virescens (F.), and pink bollworm, Pectinophora gossypiella (Saunders), but only
moderate control of bollworm, Helicoverpa zea (Boddie) (MacIntosh et al. 1990, Greenplate
1999). Expression among Bt proteins varied in different plant structures and during different
cotton development stages (Greenplate 1999, Adamczyk and Sumerford 2001). In general, Bt
protein expression in cotton was shown to decrease throughout the season, especially after first
flower (Adamczyk and Meredith 2006).
Upon the commercial availability of Bollgard cotton, researchers and agricultural pest
managers noted that bollworm larval distribution was different on cotton expressing Bt proteins
than on conventional cotton (Gore et al. 2002). Larvae were commonly found moving lower in
the plant canopy in Bollgard cotton in search of feeding sites with lower concentrations of
Cry1Ac. Floral tissues appeared to be the point of lowest concentration and was a common
location to find bollworm larvae. However, larval mortality varied based on floral components
(Gore et al. 2001). Typically, the greatest level of survival of bollworm occurred on flower
anthers. As a result, survival of first instar larvae in white flowers was common in Bollgard
cotton (Smith 1998, Pietrantonio and Heinz 1999). Larvae feeding in flowers prior to boll
formation contributed to higher levels of boll abscission (Gore et al. 2000), so feeding in flowers
reduced cotton yields.
Additional Bt toxins were added to improve resistance management and increase control
of bollworm populations and other lepidopteran species. The Cry2Ab protein from B.
thuringiensis was added to the original Cry1Ac protein in Bollgard cotton to make Bollgard II
cotton (Greenplate et al. 2003). Bollgard II cotton provided improved control of bollworm and
other lepidopteran pests (Stewart and Knighten 2000, Gore et al. 2001). Bollworm mortality was
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greater on floral components of Bollgard II cotton than on Bollgard cotton. However, there was a
similar trend in survival among different floral parts between Bollgard and Bollgard II cotton.
Some larvae were still capable of surviving on flowers in Bollgard II. Though mortality rates
differed, feeding on anthers and petals appeared to result in the greatest levels of survival in both
Bollgard and Bollgard II cottons (Gore et al. 2001) Additionally, bollworm larvae avoided areas
of Bollgard II cotton where protein-expression was highest (Gore et al. 2003).
Cotton cultivars expressing a third Bt toxin have now been incorporated for commercial
use. The B. thuringiensis vegetative insecticidal protein, Vip3A, was added to current cotton
cultivars to provide a novel site of action to combat Bt resistant bollworm populations (Lee et al.
2003). The Vip3A protein binds to a different target site within the midgut of bollworm than Cry
proteins and provides control of Cry-resistant bollworm larvae than dual-gene cultivars.
The behavior of bollworm larvae and adults observed since the introduction of cotton
plants expressing Bt proteins has created unique challenges for cotton pest managers. The ability
of a larva to survive within floral structures and other plant structures with low Bt expression
reduces the economic benefits of these traits. Bollworm oviposition was originally assumed to
primarily occur in the upper region of the plant (Greenplate 1999, Gore et al. 2002) where larvae
would be exposed to high concentrations of Bt toxins. However, recent research has determined
that the distribution of bollworm eggs within the canopy is more varied. Braswell et al. (2019)
found that distribution of eggs within the cotton canopy varied weekly throughout the season.
Eggs that are laid lower in the plant have an increased probability of emerging larvae feeding on
floral tissues where Bt expression is lower. Furthermore, bollworm larvae can detect and avoid
Bt Cry toxins in artificial diet (Gore et al. 2005) and in plant tissues (Gore et al. 2002). In plant
tissues, bollworm larvae move away from young tissues in the terminal of cotton plants and
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ultimately settle in flowers where Bt protein expression is lower. Other research observed similar
results with Vip3A cotton where larvae moved down the plant faster and were found lower in the
canopy than in non-Bt cotton (Bommireddy et al. 2007, 2011). This avoidance behavior,
combined with variability in protein expression, has led to greater survival and damage on Bt
cotton than originally predicted (Mahaffey et al. 1995, Jackson et al. 2006).
Resistance to the Cry proteins in cotton has increased in recent years (Fleming et al.
2018, Reisig et al. 2018). Similar to Bollgard cotton, expression levels of Cry1Ac and Cry2Ab
decline over time in Bollgard II (Carrière et al. 2019). Concentrations of Cry1Ac and Cry2Ab
measured 9.2 and 2.9 times greater, respectively, in younger cotton than mature cotton.
Bollworm survival to pupation also increased on more mature cotton compared to younger
cotton, especially with Bt-resistant populations. Over an eleven-year period in North Carolina,
cotton fields, expressing Cry1Ac and Cry2Ab, were observed having increases in boll damage
from14.8% in 2005 to >50% in 2016 (Reisig et al 2018). The increase in the number of
insecticide applications targeting bollworm from 2010 to 2016 in North Carolina’s Bt cotton
(Reisig et al. 2018) and increases in applications needed in other regions (Kerns et al. 2018)
suggests that Bt resistance is developing on a large scale.
Larvae may show higher and more noticeable levels of selectivity on cottons expressing
Vip3A due to larval sensitivity to this protein. High sensitivity to Vip3A was observed in
previous studies and led to a decrease in feeding and rapid dispersal of larvae from the terminal
(Bommireddy et al. 2007, 2011). Larvae that were unaccounted for likely died from ingesting
plant matter containing the Vip3A protein. Many larvae were also found on sticky traps
surrounding the bases of plants expressing Vip3A. However, recent data suggest that field
populations can cause more damage in Vip-expressing cotton than a susceptible laboratory
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population (Little et al. 2019). Effectiveness of Vip3A, like Cry toxins, could eventually be
compromised due to larval behavior (Reisig et al. 2018).
Larval behavior has become an important concern due to the frequent feeding observed
on various fruiting forms in Bt cotton. Our hypothesis is that the distribution of bollworm larvae
on cotton will vary with their susceptibility to the toxins being expressed. While susceptible
populations will be more abundant on floral structures with low Bt toxin expression, resistant
populations may not show this distribution, because they can develop on tissues expressing a
higher concentration of Bt toxins. The ability of bollworm larvae to survive and grow on floral
tissues during early development may jeopardize the economic viability of Bt cotton. More
research is needed to understand how much damage larvae may cause in dual-gene and threegene cottons to improve management recommendations. Field experiments were conducted to
determine levels of damage in non-Bt, Bollgard II, and Bollgard III. Additionally, observations
were made to estimate larval movement on these cultivars.
Materials and Methods
Bollworm Collections and Rearing Procedures
An early season collection of H. zea was made from crimson clover, Trifolium
incarnatum L., during early May 2018 and 2019. An additional collection was made during late
June to early July of 2018 and 2019 from milk stage non-Bt field corn, Zea mays L. Each
collection was made by individually placing approximately 360 late-instar larvae in 59.2 mL
cups (Solo®, Dart Container Corp., Mason, MI) containing Stonefly Heliothis diet (Ward’s
Science, Rochester, NY). Larvae were place in a controlled climate room set to a temperature of
26.7ºC at 80% humidity and a light:dark cycle of 16:8 h. Larvae were allowed to feed on diet
until reaching the pupal stage. Once larvae pupated, pupae were removed from the cups, rinsed
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with a 5% solution of sodium hypochlorite, and placed into 3.79-L cardboard buckets. The top of
each bucket was covered with cheesecloth that was held in place by a lid with the center portion
removed. Cheese cloth provided a removable and replaceable surface area for bollworm adults to
oviposit. Cheese cloth was removed daily and placed in 3.79-L self-sealing plastic bags
(Ziploc®, S.C. Johnson & Son, Inc., Racine, WI), labeled according to generation and the origin
of the colony. Upon hatching, neonates were transferred to plastic cups containing diet with a
small, fine bristled paintbrush.
Cotton Planting and Larval Infestations
Three cultivars of cotton were planted in strips representing non-Bt (Deltapine 1822XF,
Bayer CropScience, St. Louis, MO), Bollgard II (Deltapine 1646B2XF), and Bollgard 3
(Deltapine 1835B3XF). During 2018, one strip was established for each variety on 23 May.
During 2019, a strip of each cultivar was planted on 29 Apr, 22 May, and 10 June to extend the
available window to perform infestations. For each planting, each cultivar was planted in 8-row
strips (8.1-m wide) that were greater than 100 m long.
Infestations and observations were conducted during the flowering stages of cotton
development. Individual plants were selected based on the presence of a first position white
flower. Plants selected for infestation were isolated from other plants by cutting adjacent plants
at the soil surface and removing them from the plot. Nodes containing the first position white
flower were marked with yellow slant and lock labels (#HHC31YE, A. M. Leonard, Inc., Piqua,
OH) and numbered prior to infestation. Isolated plants were then supported with 0.91 meter
coated metal home garden stakes (Panacea™, Panacea Products Corporation, Columbus, OH)
pushed into the ground at the base of the plant and zip tied to the plant on one of the upper nodes
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for support. Prior to infestation, the plants were searched to ensure natural populations were not
present.
Approximately 30 newly eclosed H. zea larvae were placed in 473 mL polypropylene
cups (Fabri-Kal Corp., Kalamazoo, MI) cups containing a thin layer of diet 24 ± 6 h prior to
being placed in white flowers. First-instar H. zea larvae were taken from these cups and
individually placed into the previously marked white flowers with a fine bristle paint brush. A
total of 1005 plants were infested during the two-year study. Of the total, 230 non-Bt plants were
infested while 350 and 425 plants were infested in Bollgard II and Bollgard 3 respectively. All
larval infestations were made using the first, second, or third laboratory generation of H. zea
colonies collected during the spring. Three and six replications were conducted during 2018 and
2019 respectively. Each replication was done in a different area of the field on different days
(replicated over time).
Observations were made at three, seven, nine, and eleven days after infestations.
Observations consisted of documenting larval location relative to movement from the point of
infestation and the number of damaged fruiting structures. Visual sampling was done beginning
with the dried flower (bloom tag) and boll at the site of infestation. Bloom tags were removed,
dissected, and carefully observed to determine if the larvae were still located inside. After
inspection, the bloom tag was placed within the bracts of the infested boll regardless if a larva
was present or absent to minimize human interference and error. After inspection of the bloom
tag, bolls were checked for feeding and holes. Bolls were dissected if holes were present, and no
larvae were visible on the external surface. All structures on each plant, including leaves and
stems, were scouted for larvae throughout all observation times. Larval location and the structure
on which they were found was recorded. Records of larval location from the previous
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observation dates were used as a starting point in searching for larvae on subsequent evaluation
dates. Damaged fruiting structures were recorded to quantify damage and to help track larvae
moving throughout the plant. Additional observations were made during the second year to count
the number of bloom tags that dropped from plants between the time of infestation and the threeday observation time, along with the loss of larvae via fruiting form abscission.
Analysis
Bollworm larval recovery rate was determined by taking the number of larvae recovered
for each observation period and dividing by the number of plants infested. The data were
converted to percentages and then transformed (log10 + 1) to normalize the data prior to analysis
(Zar 1999). This method was also used to measure bloom tag loss rate after three days and fruit
abscission. Larval losses caused by abscission were measured by dividing the number of infested
fruits found on the ground by the total number of plants infested to generate percentages. The
cumulative percentage of abscised fruit was measured over the different observation timings.
Damage to fruiting form was only recorded if larvae were present somewhere on the plant during
that observation period. Total damage per larva was calculated by dividing the total damaged
fruiting forms by the number of larvae recovered. Cumulative fruiting form damage was
calculated over the different observation timings. Damage was also separated by squares and
bolls for further evaluation. General movement of larvae was measured by dividing total nodes
moved away from the infested node by the total number of larvae recovered at each date.
Directional movement was measured by dividing the number of occurrences for each direction
(up or down the plant) by the total number of larvae recovered to get percentages. Upward and
downward movement of larvae was evaluated separately. Percent abscissed fruit, upward
movement, and downward movement were transformed (log10 + 1) to normalize their
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distributions prior to analysis (Zar 1999). All data were analyzed with a generalized linear mixed
model analysis of variance (Proc Glimmix, SAS ver. 9.4; SAS Institute; Cary, NC). Degrees of
freedom were calculated using the Kenward-Roger method. Observation date, cotton type, and
the interactions of these two factors were considered fixed effects. Observation date was treated
as a repeated measure. Replication nested in year was considered a random effect in the model.
LSMEANS were separated according to the Tukey’s HSD at α = 0.05 (Tukey 1953).
Results and Discussion
Larval Recovery
Larval recovery was not affected by the interaction between cultivar and days after
infestation (F = 3.56; df = 6, 88; P = 0.23) but was affected by both cultivar (F = 108.17; df = 2,
88; P < 0.01) and days after infestation (F = 42.45; df = 3, 88; P < 0.01). Initial recovery (3 d) of
larvae was different among cultivars with 61±5.4, 35±6.3, and 15±5.1 % of larvae being
recovered on non-Bt, Bollgard II, and Bollgard 3 cotton, respectively (Fig. 2.1). Larval recovery
was lower on Bollgard 3 than on Bollgard II or non-Bt. Also, no differences were observed
between non-Bt and Bollgard II at any evaluation timing. In general, recovery rate declined
gradually over time for non-Bt and Bollgard II cotton. For Bollgard 3 cotton, recovery rate
declined more rapidly. Multiple factors may have contributed to the decline of larval recovery.
The low level of recovery at 3 d was likely a result of dried bloom tags, many still holding a
small larva, naturally dropping off the plant. For unknown reasons, this occurrence in plants
varied among the three cultivars tested (F = 12.94; df = 2, 10; P < 0.01) (Fig 2.2). Varietal
differences could explain the differences in loss of bloom tags, but these differences may also be
the result of larval feeding. The presence of a larva feeding within a bloom and producing frass
may change the microclimate within that bloom, which could change the likelihood of the bloom
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tag sticking to the boll. This is a likely scenario given the fact that the greatest retention rates
were on non-Bt cotton, which had the greatest amount of damage. Larval movement combined
with plant isolation may have further decreased recovery. Under normal field conditions where
plants are in closer proximity, larval recovery may increase due to more surface area provided by
cotton plants overlapping in any given area.
At the initial 3 d evaluation period, many of the larvae were still in the bloom tags where
they were placed or feeding on the small bolls under those bloom tags. Losses of bloom tags
within a 3 d time period suggests that larvae will likely fall off the plant with the bloom tag.
Although it was not recorded, larvae were not observed returning to plants after bloom tags fell
from the plants. Numerous ground dwelling natural enemies (Torres and Ruberson 2005) have
been documented in cotton fields. Also, presence of herbivore-induced plant volatiles (Yu et al.
2018) can contribute to an increase in the number of predators in cotton fields. Larvae that fell to
the ground in bloom tags were most likely consumed by predators before they could re-infest
plants.
Additional losses from fruit abscission likely contributed to the lack of recovery also.
More larvae (F = 14.87; df = 2, 10; P < 0.01) were lost because of abscission during the
experiment in non-Bt and Bollgard II cotton than in Bollgard 3 cotton. Mean ± SEM percentages
of larvae lost by fruit abscission throughout the eleven-day time period were 27.7 ±5.3, 17.3 ±
2.81, and 4.5 ± 2.0 on non-Bt, Bollgard II, and Bollgard 3 cottons, respectively.
Bollworm Movement from Flowers of Cotton Plants
Cultivar and days after infestation did not interact for number of nodes moved, regardless
of direction, by bollworm larvae (F = 0.46; df = 6, 65.14; P=0.84) (Table 2.1). Additionally,
cultivar did not affect non-directional movement (F = 0.57; df = 2, 67.95; P = 0.57), but the
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number of nodes traveled did increase over time (F = 26.80; df = 3, 65.42; P < 0.01). Most
larvae were still on the same structures where they were placed three days prior. Larvae moved a
greater distance from the point of infestation at seven, nine, and 11 days after infestation, than at
three days after infestation (Table 2.1). Larvae were found at greater distances from the initial
point of infestation at nine days compared to seven days. The effect of days after infestation on
non-directional movement likely was a result of larvae moving to find suitable fruiting structures
to continue feeding.
Larval movement upward from the point of infestation and downward from the point of
infestation was also determined. Observations were based on percent positive (moved up) and
negative (moved down) movement. Larvae that did not move from structures on the mainstem
node where they were infested were excluded from the analysis because majority of larvae in all
varieties moved away from the infested node after three days (Table 2.2) (Table 2.3). There was
no interaction between days after infestation and cultivar (F = 0.66; df = 6, 65.02; P = 0.68) or a
cultivar main effect (F = 1.20; df = 2, 67.96; P = 0.31) for upward movement of larvae.
However, upward movement of larvae was affected by days after infestation (F = 7.79; df = 3,
65.45; P < 0.01). Larvae were observed higher on the plant at seven and nine days after
infestation than at three days (Table 2.2). Downward movement of larvae (Table 2.3) was
affected by cultivar (F = 11.49; df = 2, 66.63; P < 0.01) and days after infestation (F = 5.12; df =
3, 65.58; P < 0.01), but not the interaction of these factors (F = 2.03; df = 6, 65.31; P = 0.07).
The number of larvae moving down Bollgard 3 plants declined primarily due to mortality and
movement off the plant, as previously mentioned by Bommireddy et al. (2007, 2011). Among the
few surviving larvae on Bollgard 3 cotton, most appeared to select flowers as food sources rather
than bolls and squares. Though specific data was not recorded for larvae found in flowers, larvae
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that survived on Bollgard 3 for the 11-day period were found feeding on multiple flowers before
damaging fruit. These occurrences were also observed in single and dual gene cottons prior to
large scale Bt resistance (Smith 1998, Pietrantonio and Heinz 1999, Gore et al. 2002).
Damage in Flowering Cotton
Cumulative fruiting form damage was recorded throughout the experiment. A cultivar by
days after infestation interaction (F = 8.12; df = 6, 88; P < 0.01) was observed for fruiting form
damage. At the initial observation (3 d), no differences were observed among cotton cultivars
for fruiting form damage (Fig. 2.3). At seven days, no differences in fruiting form damage were
observed between non-Bt cotton and Bollgard II cotton, but Bollgard 3 cotton had less damage in
comparison to non-Bt. Similar amounts of damage per surviving larva were observed in non-Bt
and Bollgard II throughout the experiment. Bollgard 3 had the least amount of damage
throughout the remainder of the 11-day period. (Fig. 2.3). In a similar study conducted during
2000, Bollworm damage to Bollgarad II cotton was 88% less than that what was observed in
non-Bt over an 11-day period (Gore et al. 2003). In contrast, bollworm damage to Bollgard II
cotton was only 23.5% less than that in non-Bt cotton over an 11-day period in the current study.
This further supports previous observations of bollworm resistance to Bt cry proteins (Dively et
al. 2016, Reisig et al. 2018).
Larval size was not measured during the study to minimize disturbance, but larvae on
Bollgard II cotton appeared to be smaller in size compared to larvae on non-Bt cotton and larvae
on Bollgard 3 cotton appeared to be the smallest, as previously noted by Stewart et al. (2001)
when looking at non-lethal effects of Bt proteins on bollworm larvae. This is likely due to
sublethal impacts of Bt toxins on larval growth and development. Further evaluation of fruiting
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form damage was separated by square and boll damage. The amount of damage caused by an
individual larva in Bollgard II has increased in relation to results found by Gore et al. (2003).
However, more damage was found on bolls than on squares. Cumulative boll damage was
affected by the interaction of cultivar and days after infestation (F = 6.18; df = 6, 88; P < 0.01).
Surviving larvae caused similar amounts of damage on Bollgard II when compared to those
surviving on non-Bt (Fig. 2.4). Larvae surviving on Bollgard 3 did significantly less damage to
bolls, when compared to both non-Bt and Bollgard II, beginning seven days after infestation and
continuing through the 11-day period. The cumulative damage (SEM) per surviving larvae
caused over the 11-day period was 2.93 ± 0.26 (non-Bt), 2.59 ± 0.15 (Bollgard II), and 0.98 ±
0.25 (Bollgard 3) bolls.
Differences in square damage was affected by the cultivar by days after infestation
interaction (F = 3.92; df = 6, 88; P < 0.01). Square damage in non-Bt cotton increased more
rapidly between the initial (3 d) and final observation (11 d) than Bollgard II and Bollgard 3
(Figure 2.5). Damage to squares was significantly lower in Bollgard II than in non-Bt prior to the
11-day observation but was not significantly different from that in non-Bt cotton at 11 days after
infestation. Bollgard II cotton still appears to exhibit less square damage at an earlier period
when larvae are smaller. However, square damage is likely to increase over time as larvae
develop and become larger. Square damage in Bollgard 3 was similar to that in non-Bt cotton at
3 and 7 days after infestation. Though damage per surviving larva was similar between the two
varieties, larval behavior differed between the varieties. The level of damage in non-Bt was
likely attributed to the general feeding nature of larvae and their proximity to squares. In
contrast, the similar level of feeding observed in Bollgard 3 to non-Bt and Bollgard II at three
days could have been a result of larvae using light feeding as a form of detection. As a result,
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square damage in Bollgard 3 did not increase throughout the remainder of the experiment. (Fig.
2.5). Damage to squares, if any, in Bollgard 3 is likely to occur early after infestation but will not
persist. Cumulative square damage averaged 1.50, 0.80, and 0.30 squares per larva in Non-Bt,
Bollgard II, and Bollgard 3 cottons, respectively. Square damage in Bollgard II cotton has
increased when compared to results from Gore et al. (2003) where square damage was < 0.1 per
surviving larva. Larvae appeared to avoid squares on both two and three-gene Bt cottons.
However, by the end (11 d) of the experiment, square damage increased in Bollgard II.
Larvae originating lower in the canopy are less likely to move when compared to larvae
originating in the terminal (Gore et al. 2002). Larvae present on terminal tissue are exposed to
high Bt expressing leaf tissues and young fruiting forms, leading to a more rapid movement of
larvae. However, our study shows that larvae originating on a bloom lower in the canopy will
move upward and downward in response to low Bt expressing structures. However, detection
and avoidance are likely to differ in relation to larvae originating from areas of higher
expression.
More damage is occurring in Bollgard II (Reisig et al. 2018) and other dual-gene cottons
compared to what was observed a few years ago. Damage and yield reduction in unsprayed
Bollgard II have increased in recent years (Gore et al. 2008, Lorenz et al. 2019). Research prior
to the release of Bollgard II cotton showed that the combination of Bt proteins provided high
levels of control for first and second-instar bollworm larvae (Stewart et al. 2001). Currently,
more first-instar larvae are surviving and causing damage to Bollgard II and other dual-gene
cottons, as found in this experiment. Damage to fruiting forms has increased in Bollgard II since
2003 (Gore et al. 2003). This is likely the result of resistance development in bollworm
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populations. Selectivity for particular fruiting forms appears to remain a factor in feeding on Bt
cotton. Based on the findings of the current study, larvae still select bolls of Bollgard II over
squares similar to what was observed previously (Gore et al 2003) but are capable of causing
more damage. Although some avoidance of squares continued to occur, more larvae were
capable of feeding on squares compared to the previous study.
Bollgard II may no longer be an economical option for bollworm control due to the
increased need for supplemental control with foliar insecticide sprays (Reisig et al. 2018) and the
cost of the Bt technology. Based on the findings from this experiment, Bollgard II appears to be
performing similarly now to the original Bollgard in 2002 and has lost much of its capacity to
prevent boll damage from bollworm. Prevention of square damage was better than boll damage
based on mean damage, but variability in expression may result in poor performance at times.
The efficacy of Bollgard II alone may not be adequate to avoid the need for foliar insecticide
applications when bollworm pressure is moderate or greater. Bollgard 3 provides superior
control due to the additional Vip3A protein and will likely decrease the amount of supplemental
bollworm control required at this time. However, due to the widespread decline in Cry protein
susceptibility (Yang et al. 2017), high dependency for bollworm control is placed on the Vip3A
technology. Variable tissue expression and single-gene dependency for control will likely
minimize the amount of time Vip3A will provide high mortality for Cry-resistant bollworm
populations.
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Table 2.1

Number of nodes moved by H. zea larvae at 3, 7, 9, and 11 days after infestation on non-Bt, Bollgard II, and
Bollgard 3 cotton.
DP1822
n Plants = 230a
OBSERVATION
n
Movement
b
Larvae
(Nodes)
3 DAYS
139
0.22 ± 0.16

DP1646
n Plants = 350a
n
Movement
b
Larvae
(Nodes)
121
0.21 ± 0.09

DP1835
n Plants = 425a
n
Movement
b
Larvae
(Nodes)
67
0.33 ± 0.15

MEAN
0.25 ± 0.13C

7 DAYS

62

1.80 ± 0.35

110

1.86 ± 0.41

12

1.55 ± 0.29

1.74 ± 0.35B

9 DAYS

50

2.79 ± 0.40

88

2.75 ± 0.47

4

2.67 ± 0.33

2.74 ± 0.40A

11 DAYS

26

2.93 ± 0.52

63

2.83 ± 0.47

2

1.50 ± 1.50

2.42 ± 0.83AB

MEAN

1.94 ± 0.36A

1.91 ± 0.36A

1.51 ± 0.57A

Mean ± SEM number of nodes that recovered H. zea larvae moved from the site of infestation over 11 days in DP1822 (nonBt), DP1646 (Bollgard II), and DP1835 (Bollgard 3) in artificial infestation studies conducted in Stoneville, MS during 2018
and 2019. Row and column means were analyzed independently. Treatments containing the same letter are not significantly
different (Tukey-Kramer HSD test, α=0.05).
a
b

n Plants = total number of plants infested between all replications in each variety.
n Larvae = total number of larvae recovered within each variety during each observation timing.
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Table 2.2

Percentage of H. zea that had moved to structures on nodes above the mainstem node where they were infested
at 3, 7, 9, and 11 days after infestation

DP1822
n Plants = 230a
n
Movement
OBSERVATION
b
Larvae
(%)

DP1646
n Plants = 350a
n
Movement
b
Larvae
(%)

DP1835
n Plants = 425a
n
Movement
b
Larvae
(%)
18.57 ± 14.70

MEAN

3 DAYS

139

4.03 ± 1.70

121

5.18 ± 2.94

67

9.26 ± 5.21B

7 DAYS

62

27.07 ± 4.47

110

32.04 ± 10.65

12

86.11 ± 5.56

48.41 ± 9.67A

9 DAYS

50

42.42 ± 11.58

88

34.54 ± 11.97

4

66.67 ± 33.33

47.88 ± 18.96A

11 DAYS

26

48.23 ± 13.39

63

35.42 ± 11.55

2

50.00 ± 50.00

44.55 ± 24.98AB

MEAN
30.44 ± 7.79A
26.80 ± 9.28A
55.34 ± 27.06A
Mean ± SEM percentage of the total number of H. zea larvae found within each variety and observation date that were
moving up cotton plants from the site of infestation over 11 days in DP1822 (non-Bt), DP1646 (Bollgard II), and DP1835
(Bollgard 3) in artificial infestation studies conducted in Stoneville, MS during 2018 and 2019. Row and column means were
analyzed independently. Means separation analysis was conducted with normalized (log10) data. Means presented are not
normalized. Treatments containing the same letter are not significantly different (Tukey-Kramer HSD test, α=0.05).
a
b

n Plants = total number of plants infested between all replication.
n Larvae = total number of larvae recovered within each variety during each observation timing.
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Table 2.3

Percentage of H. zea that had moved to structures on nodes below the mainstem node where they were infested at 3, 7,
9, and 11 days after infestation

DP1822
n Plants = 230a
OBSERVATION
n
Movement
b
Larvae
(%)
3 DAYS
139
5.23 ± 2.29

DP1646
n Plants = 350a
n
Movement
b
Larvae
(%)
121
5.62 ± 2.83

DP1835
n Plants = 425a
n
Movement
b
Larvae
(%)
67
22.22 ± 14.70

MEAN
8.27 ± 6.61B

7 DAYS

62

36.33 ± 9.82

110

40.22 ± 8.53

12

5.56 ± 5.56

20.53 ± 7.97AB

9 DAYS

50

48.32 ± 11.67

88

50.05 ± 11.02

4

33.33 ± 33.33

32.93 ± 18.67A

11 DAYS

26

44.83 ± 12.86

63

61.46 ± 12.49

2

0±0

35.43 ± 8.45AB

MEAN
33.68 ± 9.16A
39.34 ± 8.72A
15.29 ± 15.28B
Mean ± SEM percentage and total observed H. zea larvae moving down cotton plants from the site of infestation over 11 days
in in DP1822 (non-Bt), DP1646 (Bollgard II), and DP1835 (Bollgard 3) in artificial infestation studies conducted in Stoneville,
MS during 2018 and 2019. Row and column means analyzed independently. Means separation analysis was conducted with
normalized (log10) data. Means presented are not normalized. Treatments containing the same letter are not significantly
different (Tukey-Kramer HSD test, α=0.05).
a
b

n Plants = total number of plants infested between all replications in each variety.
n Larvae = total number of larvae recovered within each variety during each observation timing.
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Figure 2.1

Larval recovery over time

Percent recovery ± SEM of larvae over eleven days in non-Bt, Bollgard II, and Bollgard 3.
Stoneville, MS, 2018 and 2019. Means separation analysis was conducted with normalized
(log10) data. Means presented are not normalized. Treatments containing the same letter are not
significantly different (Tukey-Kramer HSD test, α=0.05).
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Figure 2.2

Bloom tag losses after 3 days post infestation

Percent bloom tag loss ± SEM three days after infestation. Stoneville, MS, 2019. Means
separation analysis was conducted with normalized (log10) data. Means presented are not
normalized. Treatments containing the same letter are not significantly different (Tukey-Kramer
HSD test, α=0.05).

40

Figure 2.3

Cumulative fruiting form damage inflicted per surviving H. zea larva

Damage per surviving larva ± SEM of cotton fruiting forms after eleven days when a first instar
larva is infested on a first position white flower. Stoneville, MS, 2018-2019. Means separation
analysis was conducted across all observation days. Treatments containing the same letter are not
significantly different (Tukey-Kramer test, α=0.05).
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Figure 2.4

Cumulative boll damage inflicted per surviving H. zea larva

Boll damage ± SEM of cotton bolls when a first instar larva is infested on a first position white
flower. Stoneville, MS, 2018-2019. Means separation analysis was conducted across all
observation days. Treatments containing the same letter are not significantly different (TukeyKramer test, α=0.05).
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Figure 2.5

Cumulative square damage inflicted per surviving H. zea larva

Square damage per larva ± SEM after eleven days. Stoneville, MS, 2018 and 2019. Means
separation analysis was conducted across all observation days. Treatments containing the same
letter are not significantly different (Tukey-Kramer test, α=0.05).
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CHAPTER III
EFFECTS OF TERMINAL LEAF TISSUE EXPRESSING BACILLUS THURIGIENSIS ON
BOLLWORM LARVAE
Abstract
Susceptible bollworm larvae were shown to detect and avoid high Bt concentrations of
insecticidal proteins in transgenic cottons expressing genes from Bacillus thuringiensis var.
kurstaki. Bt resistance in bollworm, Helicoverpa zea (Boddie), populations may result in reduced
avoidance of Bt proteins by bollworm. Laboratory bioassays were performed using leaf disks
from non-Bt, Bollgard II, and Bollgard 3 cotton. Larval sensitivity and selectivity were still
observed on Bt leaf tissues. However, the likelihood of larval movement away from Bt leaf
tissue was different between two-gene (Bollgard II) and three-gene (Bollgard 3) technologies.
The results from this study can aid in the current understanding of how larvae behave on Bt
cotton terminals after eclosion.
Introduction
The use of genetically engineered insecticidal crops contributes to agronomic production
systems by providing control of some insect pests, thereby reducing the amount of damage
caused and decreasing the need for foliar insecticide applications (Smith 1997, Betz et al. 2000,
Wilkins et al. 2000). Genes from the soil bacterium, Bacillus thuringiensis var. kurstaki (Bt), are
currently inserted in cotton to express insecticidal proteins. Bollgard® (Monsanto Co., St. Louis,
MO) cotton was the first Bt cotton technology and it expressed the Cry1Ac protein from B.
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thuringiensis (Perlak et al. 1990). The Cry1Ac protein in Bollgard cotton provided control of
Chloridea virescens (F.), Pectinophora gossypiella (Saunders), and Helicoverpa zea (Boddie)
(MacIntosh et al. 1990); commonly named tobacco budworm, pink bollworm, and bollworm,
respectively. Upon Bollgard’s introduction, spatial and temporal variability in expression of the
Cry1Ac protein was observed (Greenplate 1999, Adamczyk et al. 2001, Adamczyk and
Sumerford 2001). Certain plant parts, such as leaves and squares, had greater expression of
Cry1Ac than white flowers and bolls (Greenplate 1999, Adamczyk et al. 2001). Expression of
Cry1Ac decreased throughout the season, especially after first flower (Adamczyk and Meredith
2006). As a result, bollworm larvae exhibited changes in feeding and movement behavior in
response to the variability in expression throughout the plant. Larvae were commonly found
moving lower in the plant canopy in Bollgard cotton in search of fruiting forms with lower
concentrations of Cry1Ac (Gore et. al. 2002).
Due to Bollgard’s variable expression, there was higher bollworm survival in structures
such as white flowers (Gore et al. 2001) than in other cotton tissues. The Cry2Ab protein from B.
thuringiensis was added to the original Cry1Ac protein in Bollgard cotton to make Bollgard II
cotton (Greenplate et al. 2003). The use of two-gene cottons provided higher levels of bollworm
control. However, variability in expression also occurred in these cottons (Adamczyk and
Meredith 2006). Similar larval responses were observed in Bollgard II, resulting in larvae
moving from areas of high expression and settling on plant structures with lower Bt expression.
Similar to Bollgard, the variability of Bt expression has led to the decline of Bollgard II
efficacy against bollworm (Reisig et al. 2018). Reisig et al. (2018) showed an increase in
bollworm damage in Bollgard II cotton between the years 2012 and 2016. Similar results were
observed for cotton cultivars expressing Cry1Ac and Cry1F. The increase in damage is attributed
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to resistance developed through continuous larval exposure, survival on low expressing fruiting
forms of Bt cotton plants, and high population pressure. In response to the increase in resistance
to commercially-used Cry proteins, insecticides are needed more frequently in Bollgard II and
other 2-gene cotton cultivars under high bollworm pressure (Kerns et al. 2018, Gore et al. 2008).
An additional Bt gene, Vip3A has been introduced and combined with Cry1Ac and Cry2Ab or
other Cry genes to combat Bt resistant bollworm populations.
Cottons expressing Cry proteins and Vip3A (e.g Bollgard 3) have recently been
incorporated into commercial cultivars to provide better control of bollworm and other
lepidopteran pests. Vip3A binds at a novel site and can provide control of bollworm that are
resistant to the Cry proteins currently in use (Lee et al. 2003). Variability of Vip3A in cotton has
not been determined but will likely vary based on the previous findings in Bollgard, Bollgard II,
and other Bt cottons (Greenplate 1999, Adamczyk et al. 2001, Adamczyk and Sumerford 2001,
Knight et al. 2013). Detection and avoidance of Bt proteins by bollworm larvae has been
documented for both Cry proteins and Vip proteins. Gore et al. (2002) found that bollworm
larvae avoided plant terminals in Bt cotton. Larvae were found moving down Bt cotton plants at
a more rapid rate to areas of lower expression such as white flowers and small bolls. Similar
avoidance behavior was observed for bollworm larvae in response to varying levels of purified
Bt proteins in laboratory bioassays (Gore et al. 2005). Bollworm larvae in Vip cottons were also
observed moving from the terminal region very rapidly and many moved off the plant
(Bommireddy et al. 2007, 2011).
All previous research on larval movement was conducted on populations susceptible to
Bt toxins. No information exists about how resistance may impact the behavior of bollworm
larvae. Therefore, the objectives of this study were to evaluate the behavioral response of
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neonate bollworms to Bt cotton terminal tissues and compare results to previous research (Gore
et al. 2005). Differences in avoidance between two and three-gene cotton were studied along
with how parental origin from non-Bt and Bt corn might impact the behavioral characteristics of
the next generation of bollworm larvae on Bt technology in cotton.
Materials/ Methods
Cotton
Non-Bt (Deltapine 1822XF, Bayer CropScience, St. Louis, MO), Bollgard II (Deltapine
1646B2XF), and Bollgard III (Deltapine 1835B3XF) cultivars of cotton were planted in strips
during 2019 at Delta Research and Extension Center Stoneville, MS. Two planting dates, 29
April and 22 May were used to provide suitable tissues over a longer period. Each cultivar was
planted in 8-row strips (8.1-m wide) that were greater than 100 m long. Plots were fertilized
according to agronomic recommendations (Oldham and Dodds, 2017) and managed with
insecticides and herbicides as needed. No pesticides were applied within two weeks of
conducting assays to prevent contamination of leaf tissue. Insecticides with lengthy residual
activity were avoided within 3-weeks of assays.
Bollworm Collections
Bollworm larvae were collected during late June to early July of 2019 from milk stage
non-Bt (Dekalb DKC 67-70, Bayer CropScience, St. Louis, MO) and Bt (Dekalb DKC 67-72)
field corn, Zea mays L., located in Washington County, MS. Bt proteins expressed in the Bt corn
hybrid were Cry1A.105 and Cry2Ab2. For collections, late instar (4th-5th) larvae were placed in
59.2 mL cups (Solo®, Dart Container Corp., Mason, MI) containing Stonefly Heliothis diet
(Ward’s Science, Rochester, NY). Larvae were placed in a controlled climate room for the
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establishment of a colony. The room was set at 26.7ºC, 80% humidity, and a light:dark ratio of
16:8 h. Larvae were allowed to feed on diet until reaching the pupal stage. Once larvae pupated,
pupae were removed from the cups, rinsed with a 5% solution of sodium hypochlorite and water,
and placed into 3.79-L cardboard buckets. The top of each bucket was covered with cheesecloth
that was held in place by the lid with the center portion removed. Cheese cloth provided a
removable and replaceable surface for bollworm adults to oviposit. Cheese cloth was removed
daily and placed in 3.79-L self-sealing plastic bags (Ziploc®, S.C. Johnson & Son, Inc., Racine,
WI), labeled according to generation and the origin of the colony.
Bioassays
Bioassays were conducted during the summer of 2019 at the Delta Research and
Extension Center, Stoneville, MS to measure behavioral responses towards Bt tissue exposure in
cotton. Bollworm larvae from colonies collected from non-Bt and Bt corn were compared.
Cotton leaves were removed from the upper three nodes of non-Bt, Bollgard II, and Bollgard 3
flowering cotton plants. Terminal leaves were used because they produce higher and more
consistent levels of Bt proteins compared to other plant parts (Greenplate, 1999;
Sivasupramaniam et al. 2008). A 7-mm diam. cork borer (GSC International, Inc., #1201F11)
was used to punch out leaf disks from each of the different varieties. Leaf disks were placed into
individual self-sealing 50 x 9mm petri dishes (Falcon®, Corning, Inc., Corning, NY). Each petri
dish had one leaf disk from each variety placed symmetrically around the center of the dish. A
single drop of potato dextrose agar was placed on the underside of the lid of each petri dish for a
source of moisture for the leaf disks based on preliminary trials. The location for agar minimized
contact with neonates. Second laboratory generation larvae were used for all replications. A
single first instar neonate from each colony was placed into the center of each petri dish with a
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fine bristle artist’s paint brush to minimize any preference based on proximity to a specific leaf
disk. Four replications were conducted during different days within a period of two weeks. Each
replicate contained 20 petri dishes per colony. Each dish was observed three times at 5 (n = 160),
24 (n = 150), and 48 (n = 112) hours post-infestation. Changes in number of larvae were a result
of mortality. At each observation, larvae were recorded as being on the non-Bt, BG2, BG3, or no
leaf. This method was repeated for each observation.
Analysis
Differences in the location of larvae on leaf disks between colonies were analyzed for
each observation with the Mantel-Haenzel chi-square statistic. Larvae not found on any leaf
disks were also included. Cochran-Mantel Haenzel statistic for nonzero correlation was used to
evaluate the overall difference in selective feeding between colonies. Each colony was then
evaluated for selectivity within each observation time using the chi-square test for equal
proportions. This was first used to compare larval location between disks of non-Bt, Bollgard II,
and Bollgard 3. A second analysis was done to test exclusively for location differences between
Bollgard II and Bollgard 3.
In addition to evaluating the location of larvae, the likelihood of movement away from a
specific leaf disk was also measured with the chi-square test for equal proportions. Larvae were
categorized based on whether or not they were found on the same disk on two consecutive
observations. The likelihood of movement was evaluated with the chi-square statistic between
each time of observation. This was done for all leaf disks based on type and then exclusively for
the Bollgard II and Bollgard 3 disks.
Area of leaf consumption was measured by visually examining each leaf disk (n = 480)
and estimating the defoliation percentage. Larvae that fed on ≥ 5% of any leaf disk within a petri
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dish were considered to have sustained feeding. All leaf consumption data were analyzed with
the Mantel-Haenszel chi-square analysis (Proc Freq, SAS ver. 9.4; SAS Institute; Cary, NC).
Leaf consumption differences between disk type were determined within each colony and
between colonies.
Results
Selective Feeding
By the first observation at 5h post infestation (Table 3.1), neonates from non-Bt and Bt
(VT2Pro) corn colonies had reacted differently (X2 = 4.22; df = 1; P= 0.04). While many
neonates from both colonies had not selected a leaf disk, more neonates from the Bt corn colony
were observed settling on Bt tissue than those from the non-Bt corn colony. By the 24 h (X2 =
0.02; df =1; P= 0.90) and 48 h (X2 = 1.60 df= 1; P= 0.21) observations, larvae from both
colonies moved similarly in response to Bt exposure. Due to an overall lack of differences
between colonies in response to Bt exposure (X2 = 0.22; df =1; P= 0.64), both colonies were
combined to evaluate disk selection within each observation period along with the overall
selection within each observation. Larval location between disk types or absence of disks were
significantly different (X2 = 233.25; df = 3; P < 0.01) at 5 hours, although the majority of larvae
were not present on any disk. More larvae were observed on non-Bt disks than on Bollgard II
and Bollgard 3 disks at this time (Table 3.1). Movement onto leaf tissue increased by 24 h,
resulting in 74% of all larvae being present on a leaf disk. Larval location at 24h showed
selectivity between disks (X2 = 39.17; df = 3; P < 0.01). The presence of larvae on non-Bt leaf
disks increased from the 5 h to the 24 h observation. The presence of larvae on Bollgard II and
Bollgard 3 leaf disks also increased from the 5 h to the 24 h observation with Bollgard II having
more larvae than Bollgard 3. However, the change in larval presence on both Bollgard II and
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Bollgard 3 was less than what was observed on the non-Bt leaf disks (Table 3.1). Selection of
non-Bt leaf disks remained higher (Table 3.1) at 48 h compared to Bollgard II and Bollgard 3,
(X2 = 73.79; df = 3; P < 0.01). The overall preference for non-Bt leaf tissue was apparent during
the experiment, however the occurrences of larvae on Bollgard II and Bollgard 3 tissue appeared
similar to each other throughout the observations (X2 = 1.48; df= 2; P = 0.48).
Larvae remaining on Bollgard II, Bollgard 3, or between leaf disks occurred less
frequently than larvae remaining on non-Bt leaf discs between 5 and 24 h post-infestation (X2 =
27.94; df = 3; P < 0.01) (Table 3.2). Few differences were observed in larval retention between
Bollgard II and Bollgard 3 between 5 and 24 h post-infestation (X2 = 1.61; df = 1; P = 0.21) and
there were few larvae observed on Bt disk types as a whole. Movement of larvae from Bt cotton
leaf tissue suggests selective behavior began between 5 and 24 hours after exposure, (X2 = 27.94;
df = 3; P < 0.01). The majority of larvae previously found on non-Bt disks (75%) remained on
that disk after 24 hours. In contrast, fewer larvae remained on Bollgard II and Bollgard 3
between time periods (Table 3.2). Bollgard 3 avoidance was stronger than Bollgard II avoidance
between 24 and 48h post-infestation (X2 = 0.43; df = 1; P < 0.04) as 40% of larvae stayed on
Bollgard II while only 11% stayed on Bollgard 3.
Defoliation
Differences in leaf consumption after 48 h (Table 3.3) showed that larvae were selective
and preferred non-Bt leaf disks compared to the Bollgard II and Bollgard 3 disks (X2 = 48.63; df
= 1; P < 0.01). However, differences in leaf consumption between bollworm colonies were not
observed (X2 = 1.79; df = 1; P = 0.18). Leaf disks from non-Bt cotton comprised the majority
(77%) of total disks combined with feeding that exceeded 5%. These feeding levels were not
observed as frequently in Bollgard II (20%) and Bollgard 3 (4%).
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Discussion
These data suggest that bollworm neonates still avoid higher expression levels of Cry1Ac
and Cry2Ab proteins and this is not dependent on the exposure of the previous generation to Bt
plants. Larvae that came into contact with Bollgard II and Bollgard 3 generally avoided the Bt
toxins, moving more frequently after feeding on a Bt leaf and consuming less of a Bt leaf than a
non-Bt leaf. Gore et al. (2005) found that larvae avoided purified Cry1Ac proteins at rates
beginning at 1µg / mL diet along with Cry2Ab at 0.5 µg / mL. In the current study, the
selectivity and leaf tissue damage observed corresponds to avoidance and feeding behavior seen
by Gore et al. (2005). However, Bt concentrations were not determined in this study. Therefore,
results cannot be directly compared to Gore et al. (2005).
Resistance development to Cry proteins (Dively et al. 2016, Fleming et al. 2018, Reisig et
al. 2018) may play a role in larval behavior after being exposed to Bollgard II terminal tissue.
Though larval retention on Bt tissues is still lower than on non-Bt tissues, more larvae remained
and fed on terminal Bollgard II tissue than on Bollgard 3 tissue. Lack of retention and feeding in
Bollgard 3 can be attributed to the addition of Vip3A.
Even with the development of resistance, the majority of larvae continued to avoid high
Bt concentrations and exhibited feeding preferences for non-Bt plant tissue. Avoidance behavior
of neonates in terminals is still likely to occur in Bollgard II and will differ from behavior in nonBt cotton. However, larval responses could alter when larvae are exposed to lower Bt
concentrations such as flowers where chances of survival are higher (Gore et al. 2001).
Larval behavior and vertical distribution are likely to differ on Bollgard II compared to
Bollgard 3. The probability of an immediate difference in larval survival between Bollgard II
and Bollgard 3 is high due to the incorporation of the Vip3A protein in Bollgard 3. This will
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result in higher levels of mortality and avoidance due to the novel mode of action provided by
Vip3A (Lee et al. 2003) as seen in results of Bommireddy et al. (2007, 2011). The defoliation
data from this experiment suggests that larvae surviving after 48 hours are more capable of
feeding on non-Bt terminal tissue. However, chances of larvae being able to feed in Bollgard II
terminals are higher than in Bollgard 3.
Based on results from chapter 2, small larvae may be found feeding on Bollgard II
squares or moving to bolls. This may result in larval establishment higher in the plant canopy
where many squares are located. However, establishment in Bollgard 3 will likely have to begin
in flowers or other potential areas expressing low levels of Bt. The likelihood of any
establishment throughout the canopy will be lower in Bollgard 3. However, if establishment
were to occur, it may begin in areas of lower expression such as flowers, assuming that Vip3A
expression has similarities to what was observed with Cry proteins (Greenplate 1999, Adamczyk
et al. 2001, Adamczyk and Summerford, 2001, Gore et al. 2001).
Bt expression in Bollgard cotton varied between varieties due to the backcrossing
breeding techniques (Adamczyk and Meredith 2006). The varietal inconsistencies along with
spatial variation (Greenplate 1999, Adamczyk et al. 2001), seasonal variation (Greenplate 1999,
Adamczyk and Sumerford 2001), and larval behavior (Gore et al. 2001, Gore et al. 2002, Gore et
al. 2003) contributed to survival of larvae in Bollgard cotton. As a result, resistance to Bollgard
cotton eventually developed. Bollgard II also exhibits expressional differences and some varietal
effects (Knight et al. 2013). The same results are now being found in Bollgard II and other crops
expressing Cry1Ac and Cry2Ab pertaining to resistance development and feeding (Dively et al.
2016, Reisig et al. 2018, Fleming et al. 2018). However, decline in efficacy should not only be
attributed to expression variabilities in different tissues, but is likely due to a combination of
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plant stress, variabilities of resistance in bollworm populations, larval behavior, and their effects
over the period of time that transgenic Bt crops have been used in agriculture (Knight et al.
2013).
Future breeding should be carefully strategized for the commercial development of new
varieties expressing Vip3A. The longevity of performance for Vip3A cultivars will likely be
impacted based on expression levels. It is crucial that the parental characteristics that may affect
Bt expression, along with seasonal and spatial expression variability, be considered before the
introduction of new varieties expressing Vip3A.
Differences between other cottons expressing Vip3A technology such as Widestrike 3,
TwinLink Plus, and Bollgard 3 have not been extensively evaluated. However, some results have
shown that Widestrike 3 cotton performed similar to Bollgard II and TwinLink (Fleming et al.
2018). Bollworm survival rates in all technologies containing Vip3A are important because it is
critical that all technologies expressing Vip3A perform on par with one another to prevent
resistance development and failures in the three-gene cotton technology.
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Table 3.1

Number of larvae from 2 colonies found on non-Bt, Bollgard II, and Bollgard 3 terminal leaf tissue disks at 5, 24, and
48 hours after infestation

Hours after
infestation

Number of larvae
Colony

n

No tissue

Non-Bt

Bollgard II

Bollgard 3

X2

df

P

Non-Bt
VT2Pro (Bt)

80
80

64
59

13
9

2
4

1
8

4.22

1

0.04

24a

Non-Bt
VT2Pro (Bt)

77
73

19
20

37
31

11
14

10
8

0.02

1

0.90

48a

Non-Bt
VT2Pro (Bt)

62
50

7
13

40
27

8
5

7
5

1.60

1

0.21

5b

Combined

160

123

22

6

9

233.25

3

< 0.01

24b

Combined

150

39

68

25

18

39.17

3

< 0.01

48b

Combined

112

20

67

13

12

73.79

3

< 0.01

5a

a Analysis was initially performed for determining differences between colonies for disk selection.
*Overall analysis (5-48h) of colonies (X2 = 0.22; df =1; P= 0.64).
b Colonies were combined to give an analysis based on leaf disk preference at 5, 24, and 48 h after infestation.
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Table 3.2

Larvae remaining on specific types of terminal leaf tissue between 5 and 24 hours and between 24 and 48 hours after
infestation
Hours after
infestation
5-24h

a

Likelihood of larval retention
Larval retention
Percent

b

Disk type

n

No disk
Non-Bt
Bollgard II
Bollgard 3

123
22
6
9

32
17
1
0

No disk
Non-Bt
Bollgard II
Bollgard 3

39
68
25
18

9
51
10
2

X2
Df
P

26.02
77.27
16.67
0.00
27.94
3
< 0.01

24-48h
23.08
75.00
40.00
11.11
2
X
40.02
a Df
3
P
< 0.01
Frequency of H. zea larvae remaining on terminal leaf tissues of non-Bt (DP1822), Bollgard II (DP1646), Bollgard 3 (DP1835) or no
disk. Bt and non-Bt colonies are combined. Percentages are given within each disk type only.
a Analysis of differences in larval retention between two consecutive observation days for different disk types.
b n = total number of larvae observed at the beginning of each retention rating for each disk type.
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Table 3.3

Percentage of disks exhibiting ≥5% damage 48 hours after infestation on non-Bt,
Bollgard II, and Bollgard 3 terminal leaf tissue
% of total disks with ≥ 5% defoliationa
Non-Bt Bollgard II
Bollgard 3

Colony

n

Non-Btb
VT2Pro (Bt) b

80
80

44
35

10
10

Combinedc

160

39.5

10

X2

Df

P

3
0

1.79

1

0.18

1.5

48.68

1

< 0.01

a Percentages reflect number of disks damaged within each variety. n = total number of leaf
disks within each disk type.
b Analysis performed to determine differences between colonies for disk type preference.
c Colonies combined to determine overall preference for disk types.
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CHAPTER IV
EFFICACY OF BT TOXINS AND FOLIAR INSECTICIDES AGAINST BOLLWORM IN
DRIED BLOOM TAGS OF COTTON
Abstract
Foliar insecticides and insecticidal proteins from Bacillus thuringiensis (Bt) in transgenic
cotton are common bollworm management tools used in cotton production. Efficacy can be
dependent upon larval location in the plant canopy. Floral structures are known to be a common
food source for bollworm. Floral components can complicate bollworm control with foliar
insecticides and transgenic cotton by protecting larvae from contact with formulated insecticides
and lethal Bt concentrations. Mortality was measured to evaluate the effects of Bt technologies
and foliar insecticides on bollworm larvae in floral tissues. Bt technologies in flowers provided
some efficacy after three days. Larval mortality on Bollgard 3 flowers was higher than that on
Bollgard II flowers. Surviving larvae on Bollgard 3 flowers weighed less than larvae that fed on
Bollgard II flowers, and Bollgard II larvae weighed less than those that fed on non-Bt flowers.
The use of chlorantraniliprole and methoxyfenozide + spinetoram provided control when applied
to wilting flower corollas (bloom tags) with methoxyfenozide + spinetoram and two tested rates
of chlorantraniliprole providing similar levels of control after 3 days.
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Introduction
Bollworm, Helicoverpa zea (Boddie), is considered a major insect pest of cotton in most
regions of the United States. Bollworm larvae feed on flower buds (squares), fresh flowers,
wilting flower corollas (bloom tags), and small bolls (Farrar and Bradley 1985). Feeding can
cause abscission of fruiting forms, delayed maturity, and reduced yield (Gore et al. 2008).
Common methods for controlling bollworm in cotton are applying foliar insecticides and
planting cotton varieties expressing insecticidal toxins.
Foliar insecticides were used extensively prior to the introduction of transgenic cottons
that express insecticidal proteins derived from Bacillus thuringiensis var. kurstaki, a soildwelling bacterium (Reisig et al. 2018). Bollworm and tobacco budworm, Chloridea virescens
(F.), were the main lepidopteran pests targeted with foliar insecticides in cotton (Clower 1980,
Staetz 1985). Though foliar insecticides provided control of bollworm, effects on non-target
organisms (Baker 1982, Wu et al. 2018) and poisoning of applicators (Calvert et al. 2008) were
observed, along with development of resistance in many insects (Baker 1982).
Insecticide resistance to chlorinated hydrocarbons in tobacco budworm and bollworm
populations was detected in the early 1950’s (Ivy et al.1954, Graves et al.1963, Graves et al.
1967, Sparks 1981) and to organophosphates in the 1960’s (Plapp et al. 1971). Pyrethroids were
frequently used for the control of tobacco budworm and bollworm through the 1970’s and 1980’s
(Snodgrass and Scott 2000). Due to the frequent use of pyrethroids, decline in efficacy for
tobacco budworm and bollworm was also observed over time because of resistance development
(Stadelbacher et al. 1990, Abd-Elghafar et al. 1993, Pietrantonio et al. 2007, Jacobson et al.
2009).

66

Transgenic Bt cotton was introduced during 1996 to provide a novel form of control and
to combat insecticide resistance in tobacco budworm, Chloridia virescens (F.), and bollworm
Helicoverpa zea (Boddie) (MacIntosh et al. 1990, Perlak et al. 1990, Greenplate 1999). An
overall decrease in insecticide use was observed as Bt cotton acreage increased, primarily due to
control of tobacco budworm (Reisig et al. 2018). Plants expressing Bt proteins provided
environmental and economic benefits by decreasing the number of insecticide applications
(Smith 1997, Betz et al. 2000, Wilkins et al. 2000), which reduced harmful effects on non-target
organisms (Betz et al. 2000) and improved yield (Gianessi and Carpenter 1999). The use of Bt
cotton quickly became a primary control method for bollworm and other pests due to its success.
However, limitations in the Bt technology were observed shortly after its introduction. Upon the
commercial introduction of Bt cotton expressing Cry1Ac, bollworm larvae appeared to behave
differently than they did on non-Bt cotton (Gore et al. 2002). Larvae were observed surviving
lower in the plant canopy of Bt cotton than non-Bt cotton and were commonly observed
surviving in flowers and bloom tags. Behavior of adults was likely a contributing factor in
overall establishment of larvae lower in the canopy as they can be commonly found laying eggs
on lower structures (Braswell et al. 2019) and on the various fruiting structures including
flowers. Lower Bt concentrations were observed in flowers in relation to the rest of the plant and
this allowed higher levels of bollworm survival (Gore et al. 2001). Development of cottons that
incorporated multiple Bt proteins, such as Cry2Ab with Cry1Ac, provided more consistent
control of bollworm, but higher survival on floral components was still observed when compared
to other fruiting forms (Gore et al. 2008).
Resistance to Bt proteins and damage to two-gene cottons has become more severe in
recent years (Fleming et al. 2018, Reisig et al. 2018). Larval survival in flowers of two-gene
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cottons has likely increased as a result. The increase in Bt resistance and survival of bollworm
populations has increased the need for supplemental control with foliar insecticides (Reisig et al.
2018). Currently multiple classes, or modes of actions (MOA) as described by the Insecticide
Resistance Action Committee (IRAC), are used in rotational strategies to prevent or delay
resistance development to insecticides (https://irac-online.org/modes-of-action/). Common
insecticides that are currently used include chlorantraniliprole from the diamide class (Prevathon
0.43 SC, FMC Corporation; Philadelphia, PA), and a premix of methoxyfenozide and spinetoram
from the diacylhydrazine and spinosyn classes, respectively (Intrepid Edge, Corteva, Inc.;
Wilmington, DE). These insecticides use multiple modes of action for control of bollworm.
Beginning in 2018, cotton cultivars expressing a third insecticidal protein, Vip3A,
became available. The addition of Vip3A provided a novel mode of action (Lee et al. 2003) to aid
in control of bollworm. The Vip3A protein binds to a different target site within the midgut of
bollworm than Cry proteins and currently provides better control than two-gene cultivars based
on the novel mode of action. However, based on development of resistance to previously used
foliar insecticides and transgenic crops, additional forms of control are likely needed to prevent
resistance development to Vip3A and current foliar insecticides.
Due to larval movement (Gore et al. 2002) and survival in flowers (Gore et al. 2001),
bollworm larvae are likely to be found in flowers or bloom tags at some point during
development. Previous research investigating bollworm survival in white flowers was done prior
to the development of resistance, and the current extent of larval survival in Bt cotton flowers is
unknown. The efficacy of foliar insecticides on larvae residing in bloom tags is also not known.
Flowers remain open for about one day before closing and becoming a dried bloom tag on the
outer surface of the developing boll (Mauney 2012). Larvae feeding in flowers during this
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process can be concealed inside the bloom tag until they feed into the boll or out of the flowers
themselves. Once sealed, the bloom tag may serve as a protective structure for bollworm larvae.
To improve our understanding of bollworm, use of and survival in cotton blooms and bloom
tags, experiments were conducted during 2018 and 2019 at Delta Research and Extension Center
Stoneville, MS to evaluate the effects of bollworm feeding on Bollgard II and Bollgard III cotton
flowers on larval mortality and weight in comparison to larval response to feeding on non-Bt
flowers. Additionally, efficacy of foliar insecticides against bollworm inside bloom tags was
evaluated.
Materials and Methods
Bollworm Collections and Rearing
An early season collection of bollworm larvae was made from crimson clover, Trifolium
incarnatum L., during early May of 2018 and 2019. An additional collection was made during
late June to early July of each year from milk stage non-Bt (Dekalb DKC 67-70, Bayer
CropScience, St. Louis, MO) and Bt (Dekalb DKC 67-72) field corn, Zea mays L. Bt proteins
expressed in the Bt corn hybrid were Cry1A.105 and Cry2Ab2. For collections, late instar larvae
were placed in 59.2 mL cups (Solo®, Dart Container Corp., Mason, MI). containing Stonefly
Heliothis diet (Ward’s Science, Rochester, NY). Larvae were place in a controlled climate room
for the establishment of a colony. The room was set to a temperature of 26.7ºC at 80% humidity
and a light:dark ratio of 16:8 h. Larvae were allowed to feed on diet until reaching the pupal
stage. Once larvae pupated, pupae were removed from the cups, rinsed with a 5% solution of
sodium hypochlorite and water, and placed into 3.79-L cardboard buckets. The top of each
bucket was covered with cheesecloth that was held in place by the lid with the center portion
removed. Cheese cloth provided a removable and replaceable surface for bollworm adults to
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oviposit. Cheese cloth was removed daily and placed in 3.79-L self-sealing plastic bags
(Ziploc®, S.C. Johnson & Son, Inc., Racine, WI), labeled according to generation and the origin
of the colony. Upon hatching, neonates were transferred with a small, fine bristled paintbrush
into plastic cups containing diet.
Bt Floral Tissue Bioassay
Deltapine cotton varieties were planted at the Delta Research and Extension Center in
Stoneville, MS during 2018 and 2019. Three different cultivars were used for the experiment and
represented non-Bt (Deltapine DP1822 XF, Bayer CropScience, St. Louis, MO), Bollgard II
(Deltapine DP1646 B2XF), and Bollgard 3 (Deltapine DP1835 B3XF). White flowers were
removed during the late flowering stage (NAWF ≤ 5) of the different varieties by cutting each
flower with a scissors at the base of the pedicel next to the main stem so that the flowers could be
placed into water picks.
Water picks were created using 15 mL centrifuge tubes (Globe Scientific Inc., Mahwah,
NJ) filled with water. Rubber caps, with a small diameter opening were placed over the open end
of the centrifuge tube. The tubes were inserted into the lids of 355 mL clear plastic cups (Zeml©),
to serve as a base with the top of the lid facing downward. Water picks (centrifuge tube and cap)
were then placed into wooden test tube holders (38.1 x 1.91cm). Flowers (attached to stems)
collected from the field were placed into water picks by inserting the stems into the small
opening of the rubber caps. Tube and cap combinations provide support and moisture to flowers.
Colonies originating from non-Bt and Bt corn hybrids were used to infest these flowers. One
first-instar bollworm larva was placed into each flower. The 355 mL cups were then placed over
each flower and secured to the lid. Holes were punched in the base of cups to allow the escape of
moisture and to promote the drying of flowers. Larvae were allowed to remain in the flower for
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three days. Mortality rate and weight of survivors were recorded after three days. Weights of
surviving larvae were measured on an AL54 analytical balance (Mettler-Toledo, Columbus,
OH). Larvae were then placed individually in 59.2 mL cups (Solo®, Dart Container Corp.,
Mason, MI) containing Stonefly Heliothis diet (Ward’s Science, Rochester, NY). After 8 more
days, weights of surviving larvae were recorded again to determine weight gain after 3 days of
exposure to various Bt crops.
Analysis
The experiment was replicated eight times over two years. Each replication was
conducted on separate dates and consisted of ten larvae from the second laboratory generation of
non-Bt and Bt corn colonies. All replications from 2018 contained larvae from each colony.
During 2019, only one replication contained larvae from both colonies due to rearing problems
with the Bt corn colony, so the last three replications during 2019 used only bollworm larvae
originating from non-Bt corn. All data were analyzed with a generalized linear mixed model
analysis of variance (PROC GLIMMIX, SAS ver. 9.4; SAS Institute; Cary, NC). Degrees of
freedom were calculated using the Kenward-Roger method (Kenward and Roger 1997). Percent
larval mortality was transformed (log10 + 1) to normalize the data prior to analysis (Zar 1999).
Insect colony, cotton variety, and the interaction were considered fixed effects in the model.
Replication, replication nested in year, and colony nested in year were considered random factors
in the model. Means and standard errors were calculated with a PROC MEANS statement.
LSMEANS were separated according to the Tukey’s HSD at α = 0.05 (Tukey 1953).
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Insecticide Bioassay
White flowers from a non-Bt cotton variety (DeltaPine DP1822 XF) were removed from
field grown plants with scissors ensuring that the stem remained intact with the rest of the
fruiting structure. Flowers were placed in water picks as described above. Once in the water
picks, one first-instar bollworm larva was placed into each flower. Each replication contained ten
individual larvae and flowers for each of four treatments. One day (24 ± 2 h) after larvae were
placed in flowers, insecticide applications were made using a handheld sprayer with four
XR11001VS spray nozzles (TeeJet® Technologies). The insecticide applications were applied 24
h after infestation to allow the flower to naturally close around the larva and provide protection
from direct spray. The handheld sprayer was charged with a pressurized CO2 container to
provide 87.8 kg / cm2 pressure with an output of 93.53 L / ha. Two rates of chlorantraniliprole
(Prevathon®, FMC Corporation, Princeton, NJ) were used during the experiment (0.053 kg ai / ha
and 0.075 kg ai / ha) and one rate of a premix of methoxyfenozide plus spinetoram (Intrepid
EdgeTM, Corteva AgriScience, Indianapolis, IN) that resulted in 0.175 kg ai / ha and 0.035 kg ai /
ha for each of those active ingredients, respectively. An untreated control was included that was
not sprayed with any insecticide. Clean water was sprayed through the handheld sprayer between
each treatment application to remove insecticide residue. Larval mortality was assessed three
days after the insecticide application. Bloom tags (dry flowers) and bolls underneath bloom tags
were dissected and visually inspected under a magnifying glass to identify larvae and to
determine levels of mortality.
Analysis
The experiment was replicated seven times over the two-year period with each replication
containing 10 flowers and larvae. Each replication was conducted on separate days with freshly
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mixed insecticides. All data were analyzed with a generalized linear mixed model analysis of
variance (Proc Glimmix, SAS ver. 9.4; SAS Institute; Cary, NC). Percent larval mortality was
transformed (log10 + 1) to normalize the data prior to analysis (Zar 1999). Degrees of freedom
were calculated using the Kenward-Roger method (Kenward and Roger 1997). Insecticide was
considered the fixed effect in the model. Replication and replication nested in year were
considered random in the model. Means and standard errors were calculated with a PROC
MEANS statement. LSMEANS were separated according to the Tukey’s HSD at α = 0.05
(Tukey 1953).
Results
Bt Floral Tissue Bioassay
No differences in efficacy were observed between colonies (F = 0.87; df = 1, 2.1; P =
0.45) and there was no interaction between colony and variety (F = 0.60; df = 2, 25.5; P = 0.56).
Bt technologies caused mortality of bollworm larvae after the three-day feeding period (F =
50.37; df = 2, 25.5, P < 0.01). Despite the occurrence of resistance to Cry proteins broadly seen
in multiple crops (Dively et al. 2016, Reisig et al. 2018), higher bollworm mortality was
observed on Bollgard II and Bollgard 3 flowers than on non-Bt cotton flowers (Fig. 4.1). Greater
mortality was observed on Bollgard 3 cotton compared to that on Bollgard II (Fig. 4.1).
Cotton variety (F = 73.05; d.f. = 2, 25.3; P < 0.01) affected larval weights three days after
infestation. Insect colony origin (F = 0.60; d.f. = 1, 1; P = 0.58) did not affect larval weights after
three days and there was no colony by variety interaction (F = 2.14; d.f. = 2, 25.3; P = 0.14).
Larvae that survived on Bt flowers grew less than larvae that fed on non-Bt flowers (Fig. 4.2).
Larval weight also differed among Bt varieties, as larvae on Bollgard 3 were smaller than larvae
surviving on Bollgard II after 3 days.
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Larval weight gain (Fig. 4.3) after eight days on Heliothis diet was affected by cotton
variety (F = 5.06, d.f. = 2, 25.3, P = 0.01) but not by insect colony origin (F = 0.01, d.f. = 1,
1.73, P = 0.93) or the colony by treatment interaction (F = 0.89, d.f. = 2, 25.26, P = 0.42). No
differences in larval weights were observed between Bt varieties, but larval weight gain from
non-Bt cotton was greater than from Bollgard 3.
Insecticide Bioassay
All insecticide treatments provided efficacy relative to the untreated control for
bollworms enclosed in bloom tags three days after application (F = 15.12; df = 3, 19.6; P < 0.01)
but no differences were observed among insecticides (Fig. 4.4). Mean mortality provided by
chlorantaniliprole and the methoxyfenozide and spinetoram premix ranged from 49% to 67%.
Discussion
Bt Floral Tissue Bioassay
Bollworm mortality was observed in flowers of Bt cotton and this did not vary based on
whether the insects originated from Bt or non-Bt corn. However, larvae were less susceptible to
the Bt in Bollgard II flowers than in Bollgard 3. Mortality has decreased in Bollgard II since
Gore et al. (2001) found that the combination of these proteins in floral structures provided
higher levels of control when compared to Bollgard. Mortality rates observed on flower anthers
(37%) and petals (64%) by Gore et al. (2001) were overall higher than what was observed in this
study even though the methodology was nearly identical. Larval mortality has declined in
Bollgard II flowers with the current mortality rate of 16%. This is likely due to the increase in
levels of resistance to Cry1Ac and Cry2Ab (Kerns et al. 2018, Reisig et al 2018).
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Based on larval size and mortality, there is still some insecticidal activity from Cry1Ac
and Cry2Ab, but survival of larvae in Bollgard II flowers was frequent. Previously, larval lengths
were measured to determine the effects that Bt proteins have on larval development (Stewart et
al. 2001) and the use of Cry1Ac caused larvae to be smaller than larvae on non-Bt floral tissue.
The incorporation of Cry2Ab with Cry1Ac led to an even greater reduction in larval length. The
sub-lethal effects of Bt were still observed for current bollworm populations.
Larvae feeding in Bollgard II flowers in this study weighed less than larvae on non-Bt
flowers after a three-day feeding period. This is possibly the result of selective feeding on
specific floral components (Gore et al. 2005). Once larvae were placed onto meridic diet, weight
gain was similar between larvae from Bollgard II and non-Bt flowers, suggesting that those that
survived are able to complete development at a normal rate after they find low-expressing
tissues. Reduced feeding by neonates likely occurs in Bollgard II flowers because they are
actively searching for tissues with low expression as seen by Gore et al. (2001).
The incorporation of Vip3A into Bt cottons has resulted in superior levels of mortality
and sub-lethal insecticidal effects on larval development when compared to the current
performance of Bollgard II. The novel mode of action (Lee et al. 2003) provided by the
vegetative insecticidal protein in combination with Cry proteins, reduced larval weight more than
Bollgard II. However, similar weight gain was observed on clean diet after exposure to either of
the two Bt varieties, so the reduced weight gain while on the Bt flowers was likely the result of
selectivity for specific floral components prior to placement on meridic diet.
Cotton expressing Vip3A is likely to provide higher levels of control of bollworm
populations that are capable of survival on Cry1Ac and Cry2Ab expressed in floral components.
However, mortality rates are not optimal with a mean mortality of 43% after a three-day period.
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Currently, no data are available on the variations in spatial expression of Vip3A in cotton.
However, mortality observed in Bollgard 3 flowers were only slightly higher than mortality
levels observed previously on Bollgard II cotton (Gore et al. 2001) and suggests similarities in
toxicity previously observed by Greenplate (1999) and Adamczyk et al. (2001). This
observation leads to the assumption that Bollgard 3 flowers may be a point of weakness for the
Vip3A technology and the place where bollworm larvae with some resistance to Vip3A could
survive and begin to increase resistant allele frequency to this new Bt protein. Survival and
damage may increase over time and will likely be caused by lower expression in floral
components and bolls. Larvae that are capable of survival in Bollgard 3 flowers may move to
another bloom or bloom tag as the secondary feeding site before feeding on fruit, exhibiting
higher doses of Bt proteins, as seen in chapter 2. Once larvae exhibit increases in size, expression
in squares and bolls may not be sufficient for control.
The use of Bt corn expressing Vip3A could have a major impact on the longevity of
Vip3A’s ability to control bollworm in cotton. Results found by Yang et al. (2019) suggest that
decreases in mortality and less severe sublethal effects can occur when larvae are exposed to the
Vip3A protein if the previous generation was also exposed to Vip3A. Since early bollworm
populations can be found in corn (Stadelbacher, 1980), declines in efficacy may occur if Vip3A
becomes a multi-crop tool for bollworm management.
Insecticide Bioassay
Insecticides are commonly used in non-Bt cotton and as supplemental control in Bollgard
II cotton. Previously, Bollgard II cotton required less supplemental control due to the toxicity of
Cry1Ac and Cry2Ab to bollworm. However, due to increased levels of resistance, the use of
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insecticides has become more frequent to prevent yield losses (Gore et al. 2008; Reisig et al.
2018).
The premix formulation of methoxyfenozide and spinetoram along with
chlorantraniliprole provided significant control of bollworms in dried flowers. However, the
levels of control observed after 3 days were much lower compared to trials in soybeans where no
larvae were observed 4 days after application of the methoxyfenozide and spinetoram premix
and chlorantraniliprole (Cato et al. 2018). Based on the control provided by these insecticides
when insects were exposed to the direct spray, floral components could be a factor that hinders
insecticidal activity in cotton. This is the likely reason for having a maximum of 67% initial (3 d)
control of bollworm in bloom tags with foliar insecticides. Further delay in insecticidal
applications to bloom tags (> 1 day after white flower) should be evaluated for the potential
effects of greater floral constriction on the control efficacy of insecticides.
After 3 days, many surviving larvae were observed still feeding within the floral structure
or on the tops of bolls, underlying the floral base, while few were observed feeding inside the
boll or outside of the entire fruiting form. Once inside the boll, larvae can remain for an extended
period of time. This common larval behavior will allow larvae to feed without contacting lethal
concentrations of insecticides. Residual efficacy of insecticides is likely to play an important role
in controlling bollworms hiding under bloom tags.
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Figure 4.1

H. zea mortality on non-Bt, Bollgard II (BG2), and Bollgard 3 (BG3) cotton
flowers

Percent mortality ± SEM three days after infestation. Stoneville, MS, 2018 and 2019. Means
separation was conducted with normalized (log10) data. Data (%) presented are not normalized.
Columns containing the same letter are not significantly different (Tukey-Kramer HSD test,
α=0.05).
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Figure 4.2

H. zea larval weights after feeding in non-Bt, Bollgard II (BG2), and Bollgard 3
(BG3) cotton flowers for three days

Weight in milligrams ± SEM three days after infestation. Stoneville, MS, 2018 and 2019.
Columns containing the same letter are not significantly different (Tukey-Kramer HSD test,
α=0.05).
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Figure 4.3

Larval weight gain from feeding on Heliothis diet for eight days after removal
from non-Bt, Bollgard II (BG2), and Bollgard 3 (BG3) cotton flower

Weight gain in milligrams ± SEM 11 days after infestation. Stoneville, MS, 2018 and 2019.
Columns containing the same letter are not significantly different (Tukey-Kramer HSD test,
α=0.05).
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Figure 4.4

Mortality from chlorantraniliprole at 0.053 kg ai/ha, chlorantraniliprole at 0.075 kg
ai/ha, and methoxyfenozide + spinetoram at 0.21 kg ai/ha

Percent mortality ± SEM three days after infestation. Stoneville, MS, 2019. Means separation
was conducted with normalized (log10) data. Data (%) presented are not normalized. Columns
containing the same letter are not significantly different (Tukey-Kramer HSD test, α=0.05).
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